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Abstract
This paper emphasizes four topics that represent some of the year’s high-
lights in heavy quark physics. First of all, a review is given of charm lifetime
measurements and how they lead to better understanding of the mechanisms of
charm decay. Secondly, the CLEO collaboration’s new search for charm mixing
is reported, which significantly extends the search for new physics in that sector.
Thirdly, important updates in Bs mixing are summarized, which result in a new
limit on ∆Ms, and which further constrain the unitarity triangle. Finally, the
first efforts to measure CP violation in the B system are discussed. Results are
shown for the CDF and ALEPH measurements of sin 2β, as well as the CLEO
branching fraction measurements of B→Kpi, pipi, which have implications for
future measurements of α.
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1 Introduction
Much has happened this year in the subject of heavy quark studies. This brief paper
cannot hope to cover all of the details of work in this area, but will focus instead
on a few of the highlights that have emerged. First of all, recent high precision
measurements in charm lifetimes, particularly of the Ds, allow better understanding
of the mechanism of charm decays. Secondly, a new search for charm mixing at CLEO
significantly improves upon the sensitivity of previous analyses, and has implications
for the effects of new physics in the charm sector. Thirdly, significant work has
continued in the measurement of Bs mixing, which puts important constraints on the
CKM parameter Vtd. Finally, two of items of relevance to the study of CP violation
in the B system have recently been made available, which will be touched on briefly.
2 Lifetimes
2.1 charm lifetimes
To motivate the discussion of heavy quark lifetimes it is useful to recall an old puzzle
in charm physics. When researchers first measured the charged and neutral D meson
lifetimes, they discovered that the D+ lifetime was considerably longer (about a factor
of 2.5) than the D0 lifetime. This result ran counter to expectations. The decays of
both mesons were believed to be dominated by the spectator decay of the charm quark
(Figures 1a and 1b), which suggested the two lifetimes should be nearly identical.
In the face of experimental evidence, several arguments were constructed as to
why the two lifetimes might be different. First of all, the fact that there are two
identical d quarks in the D+ final state (and not in the D0) might give rise to Pauli-
type interference, which could extend the lifetime of the D+. Moreover, other decay
mechanisms, shown in Figures 1c to 1f, were hypothesized, but these were expected
to give only small contributions to the overall decay width. The D+ could decay
via the weak annihilation of the charm and anti-down quarks (Figure 1c) but this
decay is Cabibbo suppressed, and therefore expected to be only a fraction of the
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Figure 1: Diagrams contributing to D+ and D0 decay.
spectator amplitude. Analogously, the D0 could decay via the W exchange diagram
of Figure 1d, providing another difference between the two meson lifetimes. Both
the weak annihilation and the W exchange amplitudes were expected to be small due
to helicity and color suppression [1]. However, both forms of suppression could be
circumvented by the emission of a soft gluon, so the strength of the suppression was in
question. Finally, penguin diagrams such as Figures 1e and 1f could also contribute,
but these diagrams are Cabibbo, helicity and color suppressed, and therefore received
little attention.
In any case, the suggestion that mechanisms other than spectator quark decay
could contribute significantly to the widths of the charm mesons provided motiva-
tion for further research in charm lifetimes. Primarily, this effort focussed on lifetime
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measurements of other weakly decaying charmed particles to use as comparison. In-
terference patterns were expected to be different for charm baryons, thereby providing
a handle on the effects of Pauli type interference. This is especially easy to see in
the case of the Ωc, where there are two identical strange quarks in the initial state.
Moreover, W exchange is different for baryons, where the three quarks in the final
state guarantee that the decay is neither helicity nor color suppressed. Finally, weak
annihilation of charm and anti-strange quarks in Ds decay is not Cabibbo suppressed,
offering the possibility of studying this contribution.
Figure 2 shows where we stand today in the measurement of charm lifetimes. All
seven weakly decaying charmed particles are shown. The unlabeled error bars give
the world averages from the 1998 PDG review [2]. Since then, new measurements
have been made available on D0 and Ds lifetimes from E791 [3], on all the D mesons
from CLEO [4], and preliminary results on Ds and Λc from FOCUS and SELEX [5].
The most notable feature of the plot is that the Ds and D
0 lifetimes are measurably
different. One year ago, these two lifetimes were nearly the same within errors. The
new measurements not only reduce the error on the Ds lifetime, but also shift the
central value. An average of currently available data, including preliminary results
from FOCUS yields [5] τDs/τD0 = 1.211± 0.017.
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Figure 2: Measured lifetimes for all seven weakly decaying charmed particles.
The precision of these new lifetime measurements, and the promise of more to
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come from the Fermilab fixed target experiments, finally allows us to study charm
decays in a manner we have been wanting to do for 20 years [6]. As a simple example
of how these data can be used to unravel the contributions to charm particle decay,
consider the following three-step exercise to estimating Pauli interference, W exchange
and weak annihilation contributions to D meson decays.
First of all, compare the doubly-Cabibbo suppressed decay D+→K+π+π− to its
Cabibbo favored counterpart D+→K−π+π+. Since the kinematics are nearly the
same in the two cases, the decays differ in only two respects. First of all, the decay
diagrams have different (well-known) weak couplings. Secondly, the Cabibbo-favored
decay is subject to Pauli interference, while the DCS decay is not, since there are no
identical particles in the DCS final state. The ratio of the two rates can therefore be
expressed:
BR(D+→K+π+π−)
BR(D+→K−π+π+)
≈
ΓSP
ΓPI
× tan4 θC , (1)
where ΓPI represents a spectator decay rate for the charm quark that is subject to
Pauli interference, while ΓSP represents a spectator decay rate without interference. A
combination of current measurements, including preliminary FOCUS data, yields [5]
BR(D+→K+π+π−)/BR(D+→K−π+π+) = 0.68 ± 0.09%. Using this value, together
with an estimate for tan4 θc of 2.56×10
−3, one can deduce the ratio: ΓPI/ΓSP = 0.38.
In the second step, we can use the measured ratio of D+ to D0 lifetimes to relate
the W exchange contribution to a standard spectator rate, according to
τD+
τD0
=
ΓSP + ΓWX + ΓSL
ΓPI + ΓSL
, (2)
where ΓSL represents the rate due to semileptonic charm decay and ΓWX represents
any additional contributions having to do with W exchange diagrams (including inter-
ference between spectator and W exchange amplitudes). Using the previous result for
ΓPI/ΓSP and a D
0 semileptonic branching fraction of 13.4% (muonic and electronic
combined), one can extract ΓWX/ΓSP = 0.26.
Finally, to estimate the effects of the weak annihilation diagram, one can use the
newest data to compare the Ds lifetime (where weak annihilation is not Cabibbo
suppressed) to the D0 lifetime [7]:
τDs
τD0
= 1.05×
ΓSP + ΓWX + ΓSL
ΓSP + ΓWA + ΓSL
, (3)
from which one can derive ΓWA/ΓSP = 0.07.
Needless to say, these results are only meant to be illustrative of the technique
for isolating the various decay contributions, and cannot be taken too seriously by
themselves. In practice, one must be attentive of the many uncertainties that feed
into the calculations. In some cases, the results are quite sensitive to the input
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parameters. For example, a variation of ±10% in the semileptonic branching fraction
alone (consistent with measured errors) leads to a range of answers: ΓWX/ΓSP=0.22
to 0.31 and ΓWA/ΓSP=0.04 to 0.11. In general, the lesson one should take away is
that all of these contributions can be quite significant and that the current data on
charm lifetimes should provide the basis for better understanding in charm decays in
the near future.
2.2 bottom lifetimes
The current data on bottom decays are not far behind the measurements of charm
decays. Figure 3 shows the most recent results on bottom lifetimes as reported by the
B Lifetime Working Group [8]. Of note is the recent SLD measurement [9] of τB+/τB0 ,
which is the most precise to date. New measurements of B+ and B0 lifetimes are also
available from ALEPH [10] and OPAL [11]. Not shown in the diagram is the CDF
measurement [12] of the Bc lifetime τBc = 0.46
+0.18
−0.16 ± 0.03 ps.
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
t  (ps)
average
b-baryon
1.19±0.05 ps
X b 1.39
+0.34
  ps
 -0.28
L b 1.23±0.08 ps
Bs 1.46±0.06 ps
B0 1.56±0.03 ps
B - 1.65±0.03 ps
Figure 3: A summary of lifetimes for weakly decaying bottom particles.
The status of the predictions for bottom particle lifetimes is in somewhat better
shape than for the charm system. Estimates are usually based on the operator product
expansion [13]:
Γ ≈
G2Fm
5
Q
129π3
(A1 +
A2
m2Q
+
A3
m3Q
+O(
1
m4Q
)), (4)
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which calculates corrections in powers of one over the heavy quark mass. The A1
term represents the spectator processes, A2 parameterizes some differences between
the baryons and mesons, and the A3 term includes W exchange, weak annihilation
and Pauli interference effects. In charm decays, the lighter charm quark mass makes
questionable the use of this expansion, but in B decays the correction terms are about
10% of what they are in the charm sector, and this provides a plausible framework
for calculation. Figure 4 shows a comparison of experimental measurements and
theoretical predictions for several ratios of bottom lifetimes. The shaded area shows
the predictions of reference [14]. For the mesons, there is good agreement between
theory and experiment, and the measured ratios are close to unity, as expected if the
decays are dominated by spectator contributions. For the baryons, the observer might
be inclined to wonder at the discrepancy between theory and experiment. It should
be noted however that there are other predictions for bottom lifetimes [15] that are
more conservative and include the range of current measurement. This remains a
point of controversy.
0.7 0.8 0.9 1 1.1 1.2
lifetime ratio
t (b baryon)
/t (B0)
0.76±0.04
0.9 - 1.0
t (L b)/ t (B0) 0.79±0.05
0.9 - 1.0
t (Bs)/ t (B0) 0.94±0.04
0.99 - 1.01
t (B- )/ t (B0) 1.07±0.02
1.0 - 1.1
Figure 4: Measured bottom lifetime ratios compared to predictions (shaded) from
reference [14].
The next few years will see important new measurements in this sector. Some of
the most interesting should come from Run II at the Tevatron. These will provide
more precise measurements of the Bs and baryon lifetimes that are needed to reach a
general understanding of bottom decays.
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3 Meson Mixing
Before launching into the latest results on neutral meson mixing it is useful to begin
with a review of the properties of the different systems. Figure 5 shows schematic
mass plots for all four neutral systems that are subject to weak flavor mixing [16].
In each case, the scale is artfully chosen to emphasize the mass and width differences
between the physical eigenstates. Figure 5a shows the neutral kaon system, with
the broad peak of the Ks and, at essentially the same mass, the narrow spike of
the KL, which has a decay width 580 times smaller. Figure 5b shows the charm
D0 system. Although only one curve appears visible, both states of the neutral D
have been plotted. The Standard Model predicts an immeasurably small difference in
width and mass for the two charm D mesons. Figure 5c depicts the Bd mesons, with
essentially the same widths and a small but noticeable difference in mass. Finally,
Figure 5d provides an educated guess for the Bs system. There is expected to be a
small difference in width between the two mesons (20% difference in the plot) and a
substantial difference in mass. Interestingly, these four systems appear to cover the
range of possibilities for mixing.
K0 D0 Bd0 Bs0
a) b) c) d)
Mass (arbitrary units)
Figure 5: A schematic overview of neutral meson systems subject to flavor mixing.
In order to identify the motivation for studies in meson mixing, it is necessary to
understand the source of some of the differences in Figure 5. Often, the degree of
mixing of a neutral meson system is parameterised by
rmix ≡
Γ(M→M→f)
Γ(M→f)
, (5)
which describes the rate for a particle to mix and then decay to a particular final
state, relative to the rate for the particle to decay to that final state without mixing.
In order to calculate the probability of mixing, one usually begins by calculating the
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amplitudes of flavor-changing box diagrams such as the ones shown in Figure 6. On
the left is a mixing diagram for the D0 system. Many such box diagrams contribute,
with different intermediate quark propagators. In the D system, the intermediate
propagators are all down-type quarks. In the B system the intermediate propagators
are all up-type quarks. Calculation for these diagrams shows that the amplitude is
proportional to the mass-squared of the intermediate quark. Mixing in the B system
is therefore dominated by diagrams with heavy internal top quarks, and consequently
the mixing rate is large in this system (rmix ≈ 1). In D mixing, one would ex-
pect that diagrams with the heavy bottom quarks would dominate, but these are
strongly suppressed by CKM couplings, and it is actually diagrams with internal
strange quarks that dominate [17]. Since the strange quark mass is so much smaller
than the top quark mass, this contribution to D mixing is correspondingly smaller
than the top quark contribution to B mixing. Moreover, in the charm system it is nec-
essary to feed the heavy charm quark 4-momentum through the light strange quark
internal propagators, pulling them off shell in the process and contributing another
suppression factor of the form m2s/m
2
c . When all is said and done, mixing from SM
box contributions to the D system are expected to be extremely small, leading to
rmix ≈ 10
−10. Other processes may contribute from on-shell intermediate states [18],
nearby resonances [19] or from penguin diagrams [20], but these too are predicted to
be very small. Standard Model mixing in the D system is therefore expected to be
immeasurable by any current experiment.
uc
s
u c
s
D0 D0
db t
d b
t
B0B0
Figure 6: Representative box diagrams that mediate mixing of charm mesons (left)
and bottom mesons (right).
The profound difference between mixing in the bottom system and mixing in the
charm system is what drives the experimental approach to these systems. In the
B system, where mixing from the Standard Model is large, mixing measurements
are used to study CKM couplings (most notably Vtd). In the D system, where SM
contributions are small, searches for mixing are used to explore possible contributions
from new physics.
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3.1 D mixing
The traditional method of observing mixing involves identifying the flavor of the
meson both at production and at decay. In this way, it is possible to determine if
the meson has mixed during the interim. In the charm system, the most popular
means of tagging the produced D is to reconstruct D∗+(D∗−) decays to π+D0(π−D0).
In this case, the charge of the pion tells whether the initial D meson is a D0 or a D0.
The decay mode of the D can subsequently be used to determine the flavor of the
D at decay. As an example, the left diagram in Figure 7 shows how a D0 can mix
via a box diagram into a D0, which then decays via a spectator process to K+π− or
K+l−ν. Experimentally, if the sign of the reconstructed kaon is the same as the sign
of the pion from the D∗ decay then the event is termed a “wrong-sign” event, and is
a candidate for D mixing.
c
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u, lcosq
cosq
D0 mixing
d
s
u
u
c
u
sinq
sinq
D0 DCSD
Figure 7: Two diagrams for “wrong-sign” decays of D mesons.
Unfortunately, for hadronic final states, there are two means for producing wrong-
sign events. The first involves mixing, as in the left plot in Figure 7. The second
is doubly-Cabibbo-suppressed decay, as in the right plot of Figure 7. Although the
DCS rate is expected to be only about 1% of the Cabibbo-favored decay rate, it
is an enormous background when compared to the extremely small mixing signal
expected. Therefore, the wrong-sign rate for hadronic final states is a combination
of three terms: mixing, DCS decay, and interference between the two. Equation 6
shows the time evolution of hadronic wrong-sign decays in the limit of small mixing
[21]:
Γ(D0→K+π−) ∝ e−Γt[4|λ|2 + (∆M2 +
∆Γ2
4
)t2 + (2Reλ∆Γ + 4Imλ∆M)t], (6)
where λ quantifies the relative strength of DCS and CF amplitudes. The first term,
proportional to e−Γt, represents the pure DCS decay rate. The second term, propor-
tional to t2e−Γt represents mixing, which can have contributions from both mass and
width differences of the eigenstates. The third term, proportional to te−Γt, repre-
sents the interference between mixing and DCS amplitudes. In contrast, wrong-sign
semileptonic final states are not produced by DCS decays, and the time evolution of
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those states is simply:
Γ(D0→K+l−ν) ∝ e−Γt(∆M2 +
∆Γ2
4
)t2 (7)
This mode is obviously cleaner theoretically, but more challenging experimentally
because of the missing neutrino.
To set the scale for the latest measurements it is useful to review some previous
results. One of the most recent (and least ambiguous) limits on mixing comes from a
study at the FNAL E791 experiment [22], which examines semileptonic final states.
In that study, the 90% C.L. limit on mixing is rmix < 0.50%, a value that is typical
of current measurements. There is also an older CLEO measurement [23] that gives
a wrong-sign signal of rws = 0.77± 0.25± 0.25%. However, since that result did not
discriminate between DCS and mixing (there was no vertex chamber for measuring
decay lengths in the old detector), it is popularly attributed to DCS decays.
This summer, a new CLEO study [24] that examines D∗→D0π→(Kπ)π decays
shows a dramatic improvement in sensitivity over the older results. This improvement
is driven primarily by two effects: excellent mass resolution, which reduces non-D∗
backgrounds, and high efficiency at short decay times, which helps to distinguish
between DCS decays and mixing. Figure 8 shows plots of the kinetic energy of the
D0π system, which should peak at 6 MeV for decays from the D∗. About 16000 right-
sign signal events are apparent, with a mass resolution of 190 keV. This impressive
resolution is due in part to a new trick being used by CLEO analysts. The slow pion
from the D∗ decay is required to come from the beam ribbon [25], providing an extra
vertex constraint that is an effective aid to improving the momentum resolution.
The right side of the figure shows the CLEO Dπ kinetic energy distribution for the
wrong-sign decays, with about 60 events in the signal peak. A little more than half of
the background comes from D0 to Kπ decays combined with a random pion to give a
wrong-sign D∗ candidate decay. Smaller background contributions come from other
charm decays and uds events. From these results, CLEO calculates a wrong-sign ratio
of rws = 0.34± 0.07± 0.06%.
To disentangle DCS decays from the mixing contribution, the decay time distribu-
tion is fit to the three terms given in Equation 6. The results are expressed in terms
of the parameters x′ and y′, which are related to the mass and width differences (∆M
and ∆Γ) of the physical eigenstates, and the relative phase between DCS and CF
decay amplitudes (δ):
x′ =
∆M
Γ
cos δ +
∆Γ
2Γ
sin δ
y′ =
∆Γ
2Γ
cos δ −
∆M
Γ
sin δ. (8)
The CLEO 95% C.L. limits are reported as |x′| < 3.2% and −5.9% < y′ < 0.3%.
Assuming that the phase angle δ is approximately zero [26], one can relate these
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Figure 8: CLEO kinetic energy distribution of right-sign D∗+→D0π+ and c.c. decays
(left) and wrong-sign D∗+→D0π+ and c.c. decays (right). In the wrong-sign plot, the
shaded area shows the expected background level.
limits to 95% C.L. limits on rmix due to non-zero ∆Γ(rmix < 0.17% [27]) and non-zero
∆M (rmix < 0.05%).
The reader may note that the rmix limit from the constraint on x
′ is an order of
magnitude more restrictive than previous measurements. The limit from y′ is not as
restrictive only because the central value for y′ is about 1.8 standard deviations away
from zero. Although this discrepancy is not terribly significant, it is interesting in
its own right. Recently, a direct search by E791 [28] for non-zero ∆Γ has also been
performed by looking for a difference in lifetimes for decays to different final states,
yielding a sensitivity to ∆Γ comparable to the new CLEO limit. Future work along
the same lines can be expected from several experiments.
This subject will be pursued vigorously in the next few years. The FOCUS ex-
periment at FNAL has already shown [29] preliminary results on the decay D∗ to D0
to Kµν. From this mode alone, FOCUS expects to be able to set a limit on rmix of
about rmix < 0.12% if there is no indication of mixing. In the near future, B factories
will also contribute significantly to these studies. A design luminosity year at BaBar
will produce about 107 D∗→D0π decays, which should also lead to some interesting
results.
3.2 B mixing
As was suggested earlier, the implied purpose to studying B mixing is to explore CKM
parameters, Vtd in particular. This is easily illustrated with Figure 9, which shows the
triangle corresponding to the CKM unitarity condition VudV
∗
ub+VcdV
∗
cb+VtdV
∗
tb = 0.
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The apex of the triangle is constrained by measurements of Vub/Vcb from semilep-
tonic B decays, measurements of CP violation in the kaon system, measurements of
∆Md from B mixing, and the lower limit on ∆Ms from Bs mixing. The length of the
upper right side of the triangle is given by VtdV
∗
tb/VcdV
∗
cb. Since Vtb is close to unity,
Vcd is well-measured from charm decays, and Vcb is approximately − sin θc in the SM;
Vtd remains the limiting factor in determining the length of that side of the triangle.
A precise measure of that side of the triangle would provide excellent complemen-
tary information to the angle measurements expected from B factory measurements.
Checking consistency in the set of measurements that over-constrain the triangle is
of great interest in the search for new physics. In particular, new measurements of
Vtd and sin 2β could constrain the apex of the triangle independently of other data.
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Figure 9: A summary of constraints on the unitarity triangle. Measured central
values of ǫK, Vub/Vcb, and ∆Md are shown as solid lines without their uncertainties.
The 95% C.L. lower limit on ∆Ms is shown as the dashed line. Likelihood contours
for the apex of the triangle come from reference [30].
Equation 9 [31] shows the relationship between the mass difference ∆Md measured
from Bd mixing and the CKM parameter Vtd. Although the measurement of ∆Md
is now quite good (a total of 26 measurements have been made from LEP, SLD and
CDF [32]), the theoretical uncertainties on the many coefficients in Equation 9 lead
to roughly a 20% uncertainty in Vtd. However, simultaneous measurements of Bd and
Bs mixing can give much better precision on Vtd through the ratio of mass differences
shown in Equation 10 [33]. In this case, many uncertainties cancel and there remains
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about a 5% theoretical uncertainty on the extraction of Vtd.
∆Md =
G2F
6π2
mBdf
2
Bd
BBdηQCDF (m
2
t )|VtdV
∗
tb|
2 (9)
∆Ms
∆Md
=
mBsf
2
Bs
BBs
mBdf
2
Bd
BBd
∣
∣
∣
∣
Vts
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∣
∣
∣
∣
2
= (1.15± 0.05)2
∣
∣
∣
∣
Vts
Vtd
∣
∣
∣
∣
2
(10)
To date, ∆Ms has not been measured. Evidence of Bs mixing is clear, but only
lower limits on ∆Ms have been determined. Nonetheless, constraints on the unitarity
triangle from other measurements suggest that it may be just beyond the current
measured limits. Assuming the SM, the contours in Figure 9 show the present es-
timate of the apex of the unitarity triangle. The central measured value of ∆Md
suggests the apex should lie on the solid quarter circle centered at (ρ, η) = (1, 0).
The limit on ∆Ms (∆Ms > 12.4 ps
−1 is used in the figure) corresponds to the dashed
quarter circle just outside the ∆Md curve. Higher limits on ∆Ms push the circle to
smaller radius, further constraining the apex of the triangle.
Once again, the identification of mixed events involves tagging the flavor of the
meson both at production and at decay, and measuring the time evolution of mixing.
The mixing frequency determines ∆M . Several techniques have been utilized for Bs
decays. The initial state can be tagged by examining the charge of leptons or kaons in
the opposite hemisphere, by examining an associated kaon in the same hemisphere, by
calculating a weighted jet charge for either jet, or by using the jet angles in the case of
polarized beams. The decaying meson can be tagged by using charged leptons in the
final state, by using partially or fully reconstructed D mesons, or by reconstructing
two vertices in the decay hemisphere (associated with bottom and charm decay).
The four keys to a precise measure of ∆Ms are excellent proper time resolution,
high purity of the Bs decay sample (the worst backgrounds tend to come from other
B decays), accurate tagging of the initial and final state mesons, and as always, high
statistics. In order to illustrate the challenge to experimentalists, Figure 10 shows an
idealized experiment with infinite statistics and no background for ∆Ms = 10 ps
−1.
Even in this case, the measurement is not easy. The vertical axis measures the fraction
of events identified as mixed, as a function of the proper decay time of the Bs. In a
perfect experiment, this curve should start at zero and oscillate between zero and one.
The oscillation never makes it all the way to zero or all the way to one because the
mistag rate (25% in the figure) dilutes the measurement. This effect is exacerbated
by smearing due to decay length resolution (200 µm in the figure). At higher values
of proper decay time, the amplitude of the oscillation degrades because of increased
uncertainty on the decay time due to the boost resolution (10% assumed in the figure).
Figure 11 shows the combined results on ∆Ms from LEP and CDF. In order to
understand this plot, it is necessary to recognize that the probability for mixing is
proportional to 1−cos∆Mst, where t is the Bs decay time. The figure shows the results
13
Time  (ps)
M
ix
ed
 F
ra
ct
io
n 
= 
N m
ix
 
/ (N
m
ix
 
+
 N
u
n
m
ix
)
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5
mistag = 0.25
s L = 200 m m
s p/p = 0.10
Figure 10: An idealized measurement for Bs mixing using an infinite data sample of
pure Bs decays, with ∆Ms = 10 ps
−1.
of fits for many different values of ∆Ms to oscillation data from many experiments.
For each point, the data are fit to a function proportional to 1 − A cos∆Mst, where
the oscillation amplitude A is a fit parameter. If mixing occurs at that particular
value of ∆Ms, then the fitted value of A should be unity. At other values of ∆Ms,
the fitted value of A should be close to zero, consistent with no oscillation. In short,
the plot can be thought of as a Fourier analysis of oscillation data, with the vertical
axis showing the amplitude A as a function of frequency. The limit on ∆Ms from this
plot alone is ∆Ms > 13.2 ps
−1 at 95% C.L.
Figure 12 is an analogous plot for new data from SLD [34]. These results show
dramatic improvement since Moriond 99, driven primarily by new tracking and sub-
stantial improvements in decay length resolution. Three separate analyses are em-
ployed, corresponding to reconstructed final states of a charm vertex plus lepton, a
high-momentum lepton, or a pair of vertices displaced from the primary vertex. Two
analyses not shown, but expected in the summer of 2000, search for Bs decays us-
ing final states that include an exclusively reconstructed Ds decay, or a lepton and
charged kaon. Once again, the plot shows the fitted value of the oscillation amplitude
A as a function of ∆Ms. At low values of ∆Ms the uncertainty in A is about a factor
of two larger than the results from combined CDF and LEP data. However, at high
values of ∆Ms, the uncertainties are comparable, so that these data make a significant
contribution to the world average.
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Figure 11: Fitted amplitude for mixing versus the Bs mass difference. LEP and CDF
data only.
Figure 13 shows the combined data from all experiments, updated as of December
99 [32]. A total of 11 analyses contribute. The 95% C.L. lower limit on ∆Ms from
these data is ∆Ms > 14.3 psecinv, up from 12.4 ps
−1 reported at EPS 99 (Tampere).
The new higher limit on ∆Ms provides further constraint on the unitarity triangle of
Figure 9. The dashed circle from the ∆Ms limit now moves just inside the curve that
represents the central value of ∆Md. This change clips off a significant fraction of the
previously allowed area for the apex of the triangle.
In the next few years, further work in this area should prove very interesting.
Figure 14 gives an idea of what we should expect from future studies of Bs mixing.
The vertical scale of the plot is called “significance” and is the inverse uncertainty in
the amplitude parameter A of Figures 11-13. It can therefore be interpreted as the
analyzing power for discriminating between A = 0 and A = 1. The squares map the
significance as a function of ∆Ms from the combination of all the LEP experiments.
The circles plot the significance from the SLD data set when all five analyses are
included. Both curves cross the 95% C.L. limit at about ∆Ms=13 ps
−1.
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Figure 12: Fitted amplitude for mixing versus the Bs mass difference. SLD results
only.
The comparison of these two curves is particularly interesting in two respects.
First of all, it is surprising that they appear on the same graph when one considers
that the LEP data sample represents 40 times more luminosity than the SLD data
sample. Secondly, the shapes of the two curves are significantly different. The SLD
curve is dramatically flatter than the LEP curve, and at high values of ∆Ms the SLD
significance even wins out over LEP. The reason for both these features is the very
precise vertex resolution of the SLD detector. This allows SLD researchers to do more
inclusive style analyses, that are more efficient, in order to compete with the statistics
from LEP. It also allows SLD to retain good sensitivity to the very fast oscillation at
high values of ∆Ms. The insert in the figure shows the vertex resolution achieved by
the ongoing analysis that tags Bs decays via a fully reconstructed Ds decay. The 46
µm resolution for the central Gaussian (60% of the area) is roughly four times better
than the resolution achieved in a typical LEP study.
A competitive race will continue between LEP and SLD for the next year or so
as each group tries to improve the sensitivity of the measurements. This will be
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Figure 13: Fitted amplitude for mixing versus the Bs mass difference. Combined
world data.
done in the hopes of actually seeing the Bs oscillation, which is predicted by the
other measurements of Figure 9 as being just beyond the limits of current analysis.
However, if the oscillation is not seen at LEP or SLD in the next year, new players
will soon dominate the field. The triangles in the upper right corner of Figure 14
show what to expect from the CDF experiment after Run II. That curve crosses the
95% C.L. line around ∆Ms=50 ps
−1. Assuming the Tevatron experiments can trigger
efficiently on displaced vertices, those experiments will dominate the Bs oscillation
measurements in just a few years. It is especially interesting to note that the future
Tevatron data should either confirm the SM estimate of Vtd or prove that the SM
is incorrect because the triangle doesn’t close (see also Michael Peskin’s comment at
the end of this paper).
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Figure 14: Sensitivity to Bs mixing as a function of the Bs mass difference for three
different experiments. The CDF curve (triangles) crosses the 95% C.L. line around
∆Ms = 50 ps
−1.
4 CP Violation
The recent turn-on of two new B factories has focussed a lot of attention on the already
hot topic of CP violation. This year there are two items relevant to CPV in the B
system that are worthy of note. Both of these topics are covered by other speakers at
this conference, so the summary here will be brief. The first is an update on searches
for CPV in B0→ψKs (see also M. Paulini’s contribution to these proceedings). The
second is a pair of measurements of Γ(B0→π+π−) and Γ(B0→K+π−) from CLEO
that has implications for future B factory measurements of the mixing angle α (see
also R. Poling’s contribution to these proceedings).
It is common knowledge that CP violation in a decay rate is due to the inter-
ference between two or more amplitudes with different CP-conserving and different
CP-violating phases. In particular, if both amplitudes are pure decay amplitudes,
then the CP violation is called “direct CPV”. In this case, CP violation is constant
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in time and can be measured via integrated asymmetries. On the other hand, if one
of the amplitudes involves mixing then the violation is called “indirect CPV”, and
the asymmetry evolves in time. In the charm system, where mixing is expected to be
negligible, the search for CP violation is generally a search for direct CP violation in
integrated asymmetries. In the bottom system, where mixing is large, time dependent
asymmetries are used to quantify indirect CP violation.
In the bottom system, measurements of CP asymmetries are used primarily to
explore the CKMmatrix. From a theorist’s view point, final states that are dominated
by tree level amplitudes and are CP eigenstates are the cleanest modes for extracting
the CKM parameters. Two popular examples of such modes are B0→ψKs (which is
often considered the golden mode for measuring β) and B0→π+π− (which is often
talked about as a method to measure α). Both of these modes have played important
roles in recent results.
This year, the CDF experiment has updated a CP asymmetry measurement [35]
of B0(B0) decays to ψKs and a new result from ALEPH [36] for the same final state
has also become available. Preliminary indications from CDF were available already
last year, but the signal was marginal, and this year researchers have worked hard to
squeeze out the last bit of sensitivity from the data. Of the roughly 400 reconstructed
ψKs events in the current CDF data sample, about half of them occur within the ac-
ceptance of the vertex detector, where the decay lengths are well-measured. These
events are used to measure a time dependent asymmetry in search of CP violation.
The other half of the events do not have well-measured decay times and are used
in the measure of a time integrated asymmetry. Figure 15 shows the time depen-
dence of the B0/B0 asymmetry with the best fit for an oscillation on the left, and
the single data point of the time integrated asymmetry on the right. The two re-
sults are combined to get a measure of sin 2βCDF = 0.79
+0.41
−0.44. ALEPH performs a
similar time-dependent asymmetry measurement on 23 well-reconstructed decays to
get sin 2βALEPH = 0.93
+0.64+0.36
−0.88−0.24. Together, the two experiments constrain sin 2β to
be greater than zero with 98.5% probability. Although this result does not provide
a very meaningful test of the previous constraints on the unitarity triangle, it does
provide an indication of CPV and some reassurance that this measurement will be a
good target for B factory studies in the near future.
The other interesting results this year of relevance to CPV are new measure-
ments [37] from the CLEO collaboration for the branching fractions of B0→π+π−
and B0,B+→Kπ. Since the Kπ final states are believed to be dominated by penguin
diagrams, these decays offer a measure of the importance of penguin contributions.
CLEO measurements for B→Kπ range from 1.2 to 1.9×10−5, slightly larger than
B→ππ branching fractions, which are believed to be dominated by tree diagrams.
The relatively large Kπ branching fractions therefore indicate that penguin diagrams
play an important role in these decays. In particular, one can use the measured
B0→K+π− and B0→π+π− rates to get a rough estimate of the π+π− penguin am-
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in B0→ψKs decays.
plitude relative to the π+π− tree amplitude. Following the method outlined in the
BaBar physics book [38], section 6.1.2, one comes to:
0.25 <
Apipipenguin
Apipitree
< 0.57. (11)
Although the precise numerical result should not be taken too seriously, it does
point out that penguin amplitudes are likely to be significant in the π+π− decay
mode. Consequently, the study of CPV in the π+π− final state must include inter-
ference between tree amplitudes, mixing amplitudes, and penguin amplitudes. This
naturally makes the extraction of α much more difficult. As has been pointed out by
London and Gronau [39], the π+π− asymmetry can still be used in combination with
branching fraction measurements of B+→π+π0 and B0→π0π0 to measure α, but this
is a considerably harder problem, with new ambiguities. The general conclusion is
that measurements of α at the B factories will be a challenge.
5 Summary
This paper has examined four topics of recent research in heavy quark decays. In
each case, interesting new results are available this year, and these point the way
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to even better results in the near future. First of all, new measurements of the Ds
lifetime provide useful data for improving our understanding in the mechanisms of
charm decay. In the near future, precision measurements of charm baryon lifetimes
from FNAL fixed target experiments FOCUS and SELEX should help complete that
understanding. Secondly, results from a new CLEO search for charm mixing are
just released, which improve the sensitivity to charm mixing by about an order of
magnitude. In the next few years, efforts at FOCUS and at the B factories will further
the search. Thirdly, attempts to measure the Bs mixing frequency have improved this
year, resulting in a higher limit on ∆Ms. Efforts at LEP and SLD will continue for
at least another year, with the hope of seeing the oscillation. If it is not found in the
next year, Run II data from the Tevatron experiments is expected to extend the reach
in ∆Ms by more than a factor of two. In time, this will either confirm the estimates
of Vtd, or it will point to an interesting conflict within the Standard Model. Finally,
efforts have begun to measure CP asymmetries in the B system. New results at CDF
and ALEPH suggest that sin 2β is within the expected range and should be an easy
target for B factory measurements. On the other hand, measurements of α via CP
asymmetries of B0→π+π− may prove to be more difficult in light of the new CLEO
measurements of the B0→Kπ and B0→ππ branching fractions, which suggest that
penguin contributions play an important role in these decay modes.
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Discussion
Michael Peskin (SLAC): There is a comment that is implicit in your discussion
of Figure 9, but it is nice to make it explicit. There is one leg of the unitarity
triangle which is determined by Vub. This determination is independent of possible
new physics. The long leg on the right is determined by ∆ms/∆md. If indeed ∆ms
turns out to be of the order of 16 ps−1, then these two measurements would already
give an accurate determination of the unitarity triangle in the context of the standard
CKM model. On the other hand, this suggestion may turn out to be wrong. But if
you made the right hand leg about half that size, it would not be possible to make a
triangle. That is, if ∆ms turns out to be greater than about 35 inverse picoseconds,
the CKM model is wrong or at least incomplete. You noted that the CDF sensitivity
goes far beyond this value, up to about 50 ps−1. So when CDF comes into the game,
we might determine the CKM triangle within the Standard Model, or we might be
able to rule out the Standard Model just on the basis of the ∆ms information.
Jon Thaler (University of Illinois): Ron Poling presented a measurement of γ
that is about two σ away from your favored value. Do you have any comments on
this discrepancy?
Blaylock: Since I first encountered this question at the conference, I have had time
to better understand the assumptions underlying the CLEO analysis [37] that Ron
presented. That estimate of γ depends upon a fit to 14 charmless decay modes of
the B mesons. By assuming factorization of amplitudes, these decay modes are fit
to five parameters. For decay modes that are dominated by spectator diagrams, an
argument might be made in favor of factorization since the two ends of the W connect
to two separated quark currents (though there is some controversy even about this
point). However, most of the modes used in the fit have large penguin contributions,
making a factorization argument unreasonable. In my mind it is not surprising that
the CLEO fit does not yield the same result for the weak phase γ as other estimates.
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